The ant genus *Formica* was established by Linnaeus in 1758 based on the type species *Formica rufa.* This large genus contains 261 extant species or subspecies and is mainly distributed in Nearctic and Palaearctic regions ([@CIT0004]). In China, 44 species and 1 subspecies were recorded and are reported to be mainly distributed in the northern area ([@CIT0028]).

*Formica* has a disorganized taxonomy, and many of its species are similar to each other. Some species differ only by color, glossiness, or number of erect hairs, and many synonyms have been used to describe species in this genus. For example, *Formica dlusskyi* is a junior synonym of *Formica manchu* ([@CIT0032]), and *Formica imitans* is a junior synonym of *Formica cinerea* ([@CIT0033]). However, the descriptions of some species have remained controversial. For instance, *Formica transkaucasica* was considered a junior synonym of *Formica candida* ([@CIT0003]), but it was later regarded as a species based on morphologic metrology and genetics data ([@CIT0034]). Similarly, *Formica glauca* was considered a junior synonym of *Formica cunicularia* ([@CIT0002]), but some myrmecologists thought otherwise ([@CIT0035], [@CIT0009]).

DNA barcoding is a diagnostic technique that uses DNA sequence(s) for species identification ([@CIT0031]). [@CIT0045] reported that traditional identification can be replaced by DNA identification and that a standard DNA fragment can be a reference for species identification. [@CIT0017] was the first to propose the use of DNA barcoding for species identification. DNA barcoding can be fast and accurate in identifying and discovering of cryptic species, as well as in the assessing biological diversity. Moreover, this method can compensate for the deficiencies in morphological identification.

With the development of molecular analysis techniques, the phylogenetic relationships of Formicidae have also been explored using NDA sequence data. [@CIT0015] used DNA barcoding to revise Malagasy species of *Anochetus* and *Odontomachus*, two similar genera, and found three new species that could be separated from all other species and formed different clades in the neighbor-joining (NJ) tree. [@CIT0020] used DNA barcoding to distinguish all of the species of Nearctic *Myrmica* ants. Similarly, [@CIT0037] used two closely related *Formica* ants, *Formica fusca* and *Formica lemani*, to determine the consistency of morphological and genetic data with chemical data. They found that model-based Bayesian interference clustering facilitates perfect separation of the species without any indication of hybridization. Moreover, their results showed that *F. fusca* and *F. lemani* did not share any mitochondrial haplotypes and were perfectly separated in the phylogenetic tree. In addition, DNA barcoding has revealed cryptic species, which are difficult to distinguish using traditional morphological taxonomy ([@CIT0036], [@CIT0039], [@CIT0012], [@CIT0024]).

In the present study, we selected 150 specimens belonging to 16 closely related species of the ant genus *Formica* to sequence their cytochrome oxidase subunit 1 (CO1), internal transcribed spacer 1 (ITS1), and internal transcribed spacer 2 (ITS2) fragments. Then, the NJ, maximum parsimony (MP), and Bayesian interference (BI) methods were used to construct phylogenetic trees based on the CO1 gene and the combined sequence data of CO1 + ITS1, CO1 + ITS2, and CO1 + ITS1 + ITS2. Finally, their phylogenetic relationships were analyzed through DNA barcoding.

Materials and Methods {#s1}
=====================

Specimen Sampling {#s2}
-----------------

The specimens used in this study were collected from the following provinces in China: Hebei, Heilongjiang, Jilin, Liaoning, Inner Mongolia, Ningxia, Shanxi, Shaanxi, Yunnan, and Guangxi (Supp Appendix table \[Online only\]). *Odontoponera transversa* from Ponerinae and *Polyergus samurai* from Formicinae were added as distant relative and close relative outgroups, respectively. Whole bodies of ant specimens collected in the field were placed in 100% ethanol and maintained at −60°C until further use. Some specimens were used for morphological identification, and they were deposited in the Insect Collection of Guangxi Normal University, Guilin, China.

DNA Extraction, PCR, and Sequence Alignment {#s3}
-------------------------------------------

Prior to DNA extraction, gasters were removed to minimize contamination from gut bacteria. Total genomic DNA was extracted from the specimens using a previously described protocol ([@CIT0029]) and then stored in 100% ethanol. Gene fragments of COI, ITS1, and ITS2 were amplified using the primers listed in [Table 1](#T1){ref-type="table"}.

###### 

Primers used to amplify CO1, ITS1, and ITS2 fragments

  Gene       Primer                           Sequence(5ʹ--3ʹ)             References
  ---------- -------------------------------- ---------------------------- ------------
  CO1        LCO1490                          GGTCAACAAACATAAAGATATTGG     
  HCO2198    TAAACTTCAGGGTGACCAAAAAATCA                                    
  ITS1       18s F1                           TACACACCGCCCGTCGCTACTA       [@CIT2325]
  5.8s B1d   ATGTGCGTTCRAAATGTCGATGTTCA                                    
  ITS2       5.8s Fc                          TGAACATCGACATTTYGAACGCACAT   
  28s B1d    TTCTTTTCCTCCSCTTAYTRATATGCTTAA                                

Polymerase chain reactions (PCR) were performed in a total volume of 50 µl containing 25 µl of 2 × Taq Master Mix, 1 µl of each primer, 1 µl of DNA, and 22 µl of H~2~O. The PCR conditions for CO1 gene were as follows: 95°C for 5 min, 35 cycles of 94°C for 45 s, 48°C for 45 s, and 70°C for 90 s; and a final extension at 72°C for 10 min. The PCR conditions for the ITS regions consisted of 94°C for 2 min, 40 cycles of 94°C for 20 s, 51°C (ITS1), and 52°C (ITS2) for 30 s, and72 °C for 15 s; and a final extension at 72°C for 10 min. PCR products were purified using a DNA purification kit (Sangon Biotech, Shanghai, China) and were sequenced from both directions by Shanghai Generay Biotech Co. Ltd.

Phylogenetic Analyses {#s4}
---------------------

DNA sequences were assembled using SeqMan (DNAStar Inc., Madison, WI; ([@CIT0041]) and aligned using CLUSTAL X algorithm ([@CIT0046]) with default parameters. The sequences were first added in the ingroup taxa and subsequently added in the outgroup taxa using the profile alignment option. CO1 nucleotide sequences were translated to amino acid sequences using MEGA 4.0 ([@CIT0044]) to eliminate sequences with stop codons. Single-gene (CO1, ITS1, ITS2), two-gene (CO1 + ITS1, CO1 + ITS2), and three-gene (CO1 + ITS1 + ITS2) data sets were then assembled followed by analysis of phylogenetic relationships among taxa using NJ, MP, and BI.

NJ trees were built using MEGA 4.0 ([@CIT0044]) with the K2P molecular evolutionary model. Estimates of nodal support on distance trees were obtained using bootstrap analyses (1000 replications). Unweighted MP analysis was performed using PAUP\* Version 4.0b10 ([@CIT0042]) with a heuristic search with random sequence addition (10 replicates each) and the TBR branch-swapping algorithm. BI tree was contructed using MrBayes v. 3.1.2 ([@CIT0030]) with the best-fitting model (GTR+ I + G) selected from Modeltest 3.7 ([@CIT0027]) based on the akaike information criterion ([@CIT0026]). Markov chains were run for 100,000 generations with sampling for every 100th generation. After finishing the runs, the first 250 trees were discarded as burn-in.

Results {#s5}
=======

DNA Sequence Composition {#s6}
------------------------

Sequence alignment of the three combined data of CO1, CO1 + ITS1, and CO1 + ITS2 yielded data matrices with 2844 bp, 343 variable sites, 306 parsimony-informative sites, and 37 singleton sites. Of the three combined data, CO1 was 658-bp long and had 155 variable sites, 147 parsimony-informative sites, and 8 singleton sites. ITS1 the longest with 1134-bp long and had 87 variable sites, 62 parsimony-informative sites, and 25 singleton sites. ITS2 was 1053-bp long and had 112 variable sites, 88 parsimony-informative sites, and 24 singleton sites. The base composition of the three gene fragments varied among the species. On average, the CO1 fragment was heavily AT biased (72.1%: A, 30.6%; T, 41.5%; G, 10.7%; C, 17.2%). However, the ITS fragments were heavily GC biased; ITS1 had a GC value of 59.3% (A, 21.7%; T, 19.0%; G, 30.8%; C, 28.5%), whereas ITS2 had a GC value of 60.3% (A, 20.9%; T, 18.8%; G, 30.5%; C, 29.8%; [Table 2](#T2){ref-type="table"}).

###### 

Composition of nucleotide sequences

  Genes (bp)   Cs     V     Pi    S    A (%)   T (%)   G (%)   C (%)   A + T (%)   G + C (%)
  ------------ ------ ----- ----- ---- ------- ------- ------- ------- ----------- -----------
  CO1(658)     503    155   147   8    30.6    41.5    10.7    17.2    72.1        27.9
  ITS1(1134)   1013   87    62    25   21.7    19.0    30.8    28.5    40.7        59.3
  ITS2(1053)   891    112   88    24   20.9    18.8    30.5    29.8    39.7        60.3

Cs (conserved sites); V (variable sites); Pi (parsimony-informative sites); S (singleton sites).

Phylogenetic Trees {#s7}
------------------

Phylogenetic analyses showed that the outgroups *P. samurai* and *O. transversa* were well resolved from the *Formica* taxa at the base of the tree. Based on the four datasets (CO1, CO1 + ITS1, CO1 + ITS2, and CO1 + ITS1 + ITS2), all of the phylogenetic trees constructed using NJ, MP, or BI methods were clustered into nine clades. The CO1 and CO1 + ITS NJ trees, MP trees, and BI trees are shown in [Figs. 1--3](#F1 F2 F3){ref-type="fig"}, respectively.

![NJ trees of 16 *Formica* species.](iex09201){#F1}

![MP trees of 16 *Formica* species.](iex09202){#F2}

![BI trees of 16 *Formica* species.](iex09203){#F3}

[Figures 1--3](#F1 F2 F3){ref-type="fig"} show the formation of nine clades in the phylogenetic trees. In clade I, *F. sinensis* formed a clade and then clustered with *F. aquilonia* and *F. polyctena* to form a lineage. The latter two species were mixed and could not be separated. In clade II, *Formica beijingensis* divided into two branches, one branch clustered with *F. manchu* to form a lineage and another branch clustered with *Formica fukaii* to form another lineage. The two lineages grouped in a clade and clustered with clade I, which then clustered with clade III formed by the monophyletic species *Formica uralensis*. Clade IV was also formed by the monophyletic species *Formica sanguinea*. Clade IV clustered with clade V, which was formed by *Formica gagatoides* and *Formica japonica*. Clade VI included *Formica sinae* and *F.cunicularia*, which were mixed and cauld not be separated. Clade VII was formed by the monophyletic species *F. candida* and grouped with clade VI. Moreover, *F. fusca*, *F. glauca*, and *F. sinae* grouped with clade VIII and then clustered with clade IX, which was formed by an undescribed *Formica* sp. Interestingly, *F. sinae* was divided into two fixed groups with no morphological differences. In the trees based on CO1 gene sequences, *F. sinae* group 2 mixed with *F. cunicularia* in a branch, whereas these species separated in the trees based on CO1 + ITS sequences. The K2P distance in *F. sinae* is shown in [Table 3](#T3){ref-type="table"}. The intragroup distances of *F. sinae* group 1 and *F. sinae* group 2 were 0--0.6% and 0--0.3%, respectively. However, the intergroup distances of *F. sinae* group 1 and *F. sinae* group 2 were 6.8--7.1% and 6.8--7.1% or 7.1--7.4%, respectively.

###### 

K2P-distance (transitions + transversions) of *F*. *sinae* group 1 and *F*. *sinae* group 2 (all of the data were multiplied by 100)

       1         2         3         4         5         6         7         8         9         10        11      12      13      14      15      16      17      18      19
  ---- --------- --------- --------- --------- --------- --------- --------- --------- --------- --------- ------- ------- ------- ------- ------- ------- ------- ------- -------
  1    *0*                                                                                                                                                                 
  2    *0*       *0*                                                                                                                                                       
  3    *0*       *0*       *0*                                                                                                                                             
  4    *0*       *0*       *0*       *0*                                                                                                                                   
  5    *0*       *0*       *0*       *0*       *0*                                                                                                                         
  6    *0*       *0*       *0*       *0*       *0*       *0*                                                                                                               
  7    *0.2*     *0.2*     *0.2*     *0.2*     *0.2*     *0.2*     *0.2*                                                                                                   
  8    *0.2*     *0.2*     *0.2*     *0.2*     *0.2*     *0.2*     *0.2*     *0*                                                                                           
  9    *0.3*     *0.3*     *0.3*     *0.3*     *0.3*     *0.3*     *0.3*     *0.2*     *0.2*                                                                               
  10   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.9**   **6.9**   **7.1**                                                                   
  11   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.9**   **6.9**   **7.1**   *0*                                                             
  12   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **7.1**   **7.1**   **7.3**   *0.3*   *0.3*                                                   
  13   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.9**   **6.9**   **7.1**   *0.2*   *0.2*   *0.2*                                           
  14   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **7.1**   **7.1**   **7.3**   *0.3*   *0.3*   *0.3*   *0.2*                                   
  15   **7.1**   **7.1**   **7.1**   **7.1**   **7.1**   **7.1**   **7.1**   **7.3**   **7.3**   **7.4**   *0.5*   *0.5*   *0.5*   *0.3*   *0.5*                           
  16   **7.1**   **7.1**   **7.1**   **7.1**   **7.1**   **7.1**   **7.1**   **7.3**   **7.3**   **7.4**   *0.5*   *0.5*   *0.5*   *0.3*   *0.5*   *0*                     
  17   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **6.9**   **7.1**   **7.1**   **7.3**   *0.6*   *0.6*   *0.6*   *0.5*   *0.6*   *0.2*   *0.2*           
  18   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.9**   **6.9**   **7.1**   *0.6*   *0.6*   *0.6*   *0.5*   *0.6*   *0.5*   *0.5*   *0.6*   
  19   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.8**   **6.9**   **6.9**   **7.1**   *0.5*   *0.5*   *0.5*   *0.3*   *0.5*   *0.3*   *0.3*   *0.5*   *0.2*

Note: Numbers (1--19) in the first column refer respectively to samples of JL003, LN001, HLJ027, NMG006, NMG005, NMG004, HLJ036, SX012, SX011, SX013, HLJ028, HLJ029, NMG007, HLJ030, NMG009, SX032, JL002, HLJ031, and HLJ009. Among them, 1--10: *F. sinae* group 2 and 11--19: *F. sinae* group 1.

Discussion {#s8}
==========

CO1, ITS1, and ITS2 from 150 specimens belonging to 16 species of the ant genus *Formica* from China were used as the target genes for DNA barcoding and analysis of the phylogenetic relationship among the species. Our results showed that CO1 was heavily AT biased compared with other insects ([@CIT0038]). However, ITS1 and ITS2 were heavily GC biased compared with those reported in fish ([@CIT0006]) and insects ([@CIT0019], [@CIT0047]). The sequences of CO1 had useful variations and therefore yielded better phylogenetic trees than ITS1 and ITS2. CO1 had a success rate of 99.33%, whereas both ITS1 and ITS2 barcodes showed significantly lower success rates (ITS1: 93.33%, ITS2: 91.33%, and CO1 + ITS: 90.67%). Single ITS1 or single ITS2 was not suitable for phylogenetic analyses for the genus *Formica*, because these genes have high similarity and their transition and transversion almost reached saturation. The power of barcoding can be improved by multiple-gene analysis because of its capacity to increase genetic diversity ([@CIT0010]). We found that *F. sinae* and *F. cunicularia* were divided into two branches in the NJ tree of CO1 + ITS1 + ITS2 trees, whereas these genes mixed into one branch in the CO1 trees.

*Formica* sp. resembles *F. wongi* and *F. yessensis* but differs in characteristics, such as gaster with abundant hairs, alitrunk, and petiole with no hair, and upper margin of petiole concave. *Formica* sp. can be separated from others in the genus as shown in all of the figures. Further studies on their DNA barcoding are needed because CO1, ITS1, and ITS2 sequences of *F. wongi* or *F. yessensis* are lacking in the National Center for Biotechnology Information database.

For *F. manchu*, among all of the specimens of NMG030 in the same nest, 17 specimens had erect hair at the end of the first gastral segment; 7 had erect hair at the end of the second gastral segment; and 1 had erect hair at the end of the third, fourth, and fifth gastral segments. All of the specimens were grouped into the same branch. These results suggest that distinguishing the species based on the erect hairs on different gastral segments is not scientifically reliable.

*F. polyctena* and *F. aquilonia* are in the *F. rufa* group ([@CIT0008], [@CIT0011]). [@CIT0011] found that *F. polyctena* could not be distinguished from *F. aquilonia* by using the head and hind femur color, the number of hairs on the occiput of the head and hind femur, or the shape of upper margin the petiole. Our result supports Douwes' finding; in the samples of HLJ024 collected from the same nest and identified morphologically as *F. aquilonia*, the numbers of hairs on the occiput of the head and hind femur differed. Among the 17 specimens, 15 had hairs on the occiput of the head and 9 with upper margin of the petiole concave. Among the 25 specimens of *F. polyctena*, 10 had hairs on the occiput of the head, 8 on the hind femur, and 15 with upper margin of the petiole concave. In the trees of CO1 and CO1 + ITS1 + ITS2 for *F. aquilonia* and *F. polyctena*, all of the specimens sampled in the Heilongjiang Province were mixed in the same branch. Their morphological identification was not possible. Thus, based on morphology and DNA barcoding data, we propose that *F. aquilonia* may be a junior synonym of *F. polyctena*.

Finally, *F. sinae* was divided into two fixed groups in the phylogenetic trees, group 1 fell into a monophyletic clade, while group 2 clustered with *F. cunicularia*, and the genetic distance between the two groups (0--0.6%) was smaller than the intergroup (6.8--7.4%; [Table 3](#T3){ref-type="table"}). [@CIT0017] proposed a mean intraspecific divergence of 10 times as the standard threshold for differentiating species. Thus, we propose that cryptic species are likely to exist in *F. sinae*. Further studies based on morphology, biology, and geography are needed to confirm this notion.
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Supplementary material can be found at *Journal of Insect Science* online.
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